Abstract-Pulsed lasers can evoke neural activity from motor as well as sensory neurons in vivo. Lasers allow more selective spatial resolution of stimulation than the conventional electrical stimulation. To date, few studies have examined pulsed, mid-infrared laser stimulation of nerves and very little of the available optical parameter space has been studied. In this study, a pulsed diode laser, with wavelength between 1.844-1.873 m, was used to elicit compound action potentials (CAPs) from the auditory system of the gerbil.
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Abstract-Pulsed lasers can evoke neural activity from motor as well as sensory neurons in vivo. Lasers allow more selective spatial resolution of stimulation than the conventional electrical stimulation. To date, few studies have examined pulsed, mid-infrared laser stimulation of nerves and very little of the available optical parameter space has been studied. In this study, a pulsed diode laser, with wavelength between 1.844-1.873 m, was used to elicit compound action potentials (CAPs) from the auditory system of the gerbil.
We found that pulse durations as short as 35 s elicit a CAP from the cochlea. In addition, repetition rates up to 13 Hz can continually stimulate cochlear spiral ganglion cells for extended periods of time. Varying the wavelength and, therefore, the optical penetration depth, allowed different populations of neurons to be stimulated. The technology of optical stimulation could significantly improve cochlear implants, which are hampered by a lack of spatial selectivity.
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I. INTRODUCTION
R ECENTLY, pulsed mid-infrared lasers have been used to evoke neural activity in motor systems and sensory systems, as an alternative to electrical stimulation [1] - [3] . The use of lasers to evoke neural responses has several appealing features compared to electrical stimulation: no direct contact is necessary between the stimulating source and the tissue, spatial resolution of stimulation is improved, and no stimulation artifact is generated hindering simultaneous data acquisition. However, very little of the available optical parameter space has been investigated in optical stimulation of nerves [4] , [5] . In addition, parameters that are optimized for one application, such as motor nerve stimulation, are not necessarily the ideal parameters to be used for stimulation of a sensory system, such as the cochlea.
The use of optical stimulation in the auditory system could be beneficial for cochlear implants. In the mammalian cochlea, high frequency tones activate spiral ganglion neurons in the base of the cochlea and low frequency tones activate neurons in the apex, known as tonotopicity [6] - [11] . In individuals who are profoundly deaf, multiple-electrode cochlear implants are designed to directly electrically stimulate discrete spiral ganglion cell populations along the cochlea, attempting to restore the tonotopic responses of the normal acoustically stimulated cochlea. A successful multichannel cochlear implant should, therefore, transfer a maximum of information to discrete, spatially selected groups of auditory neurons. Stimulation at one electrode should not affect the neural response to stimulation resulting from neighboring electrodes.
However, the assumption that discrete neural populations can be electrically activated is not always true. Although it is widely assumed that stimuli applied between closely spaced bipolar electrodes can locally stimulate spiral ganglion cells, [12] , [13] , it has been shown that closely spaced electrode pairs at high current levels will activate a broad region of auditory neurons [12] , [14] . If two electrodes stimulate the same neural population, sound sensation encoded via these two electrode contacts might be confused or even be indistinguishable. The electrode interaction reduces the number of independent channels that can be used by a cochlear implant user to parallel process acoustic information. Psychoacoustic experiments [15] - [18] and electrophysiological studies, [12] , [19] - [21] showed that current injected into the cochlea spreads via the scala tympani and, consequently, stimulates large populations of spiral ganglion cells. In other words, the electric fields of neighboring electrodes overlap. This limitation is based on fundamental physical principles of electrical stimulation that even the best electrode design has not yet overcome. By substituting optical sources for electrodes in cochlear implants, it may be possible to confine neural activation to spiral ganglion cells immediately adjacent to the optical source. Spatial confinement of neural activation could lead to improved performance by implant users. We have shown that optical stimulation of gerbil cochleae is more selective that electric stimulation using an 0018-9391/$25.00 © 2007 IEEE immunohistochemical staining method [4] . Currently, we are conducting further experiments to compare the selectivity of optical versus electrical stimulation using more sensitive methods than the c-FOS immunohistochemical staining method. With tone-on-light masking/tone-on-electric masking and with single fiber experiments, we compare optical stimulation with bipolar electric stimulation.
This paper details the effect of laser pulse duration, wavelength, and repetition rate on the evoked neural responses from the gerbil cochlea. It is necessary to examine these optical parameters to determine the optimal subset of laser parameters for use in a cochlear implant.
II. MATERIALS AND METHODS
All measurements were made in vivo using adult gerbils Meriones unguiculatus. The care and use of the animals in this study were in accordance with the NIH Guide for the Care and Use of Laboratory Animals and were approved by the Animal Care and Use Committee of Northwestern University.
A. Animal Surgery and Preparation
Animal surgery was made as described previously [22] . Gerbils were anesthetized by an initial intraperitoneal injection of sodium pentobarbital (80 mg/kg body weight). Maintenance doses were 17 mg/kg body weight and were given throughout an experiment whenever the animal showed signs of increasing arousal, which was assessed every 30 min by a paw withdrawal reflex. After the animal was fully anesthetized, breathing was facilitated by performing a tracheotomy and securing a length of PE90 tubing into the opening in the trachea. The animal was then positioned, belly up, on a heating pad used to maintain body temperature at 38
, and its head was stabilized in a heated head holder. A dermal incision was made from the lower right jaw to the right shoulder in order to expose the right submandibular gland, which was subsequently ligated and removed. The muscles attached to the bulla and to the styloid bone were carefully dissected. Next, the bulla was opened to allow access to the cochlea. A silver electrode was hooked onto the bony rim of the round window of the cochlea, and a ground electrode was placed under the skin at the left jaw. After cutting the cartilaginous outer ear canal, a speculum (to connect the sound delivery system) was cemented with dental acrylic to the bony part of the outer ear canal. The surgical platform containing the animal was then moved onto a vibration isolation table in a soundproof booth. Two chest electrodes were attached to monitor heart rate. A headphone (Beyer 770Pro) was coupled to the speculum at the ear canal to acoustically stimulate the cochlea.
B. Acoustic Measurements
Acoustically evoked compound action potentials (CAPs) were measured using a modified tracking procedure [23] , [24] . CAPs were measured between 50 kHz-2 kHz, with a resolution of 6 steps/octave. The acoustic stimuli were 12 ms tonebursts, (including 1 ms rise time and 1 ms fall time). CAP threshold was defined as (N1/P1 amplitude). Thirty-two waveforms, presented in opposite phase, were averaged for a single measurement. 
C. Optical Stimulation
A diode laser (Aculight, RINS version alpha) was used for the optical stimulation of the auditory nerves. The laser operates between 1.844- 1.873 , by varying the temperature of the diode. Pulse durations were selected between 35 s and 1 ms. The laser is capable of operating between 1-13 Hz. The laser output was coupled to a low-OH 200--diameter optical fiber (FIP series, Polymicro; Phoenix, AZ). The fiber was heated to 36 with a heating wire coil (NI60, Omega; Stamford, CT) to prevent hearing loss upon cooling the cochlea. The optical fiber was inserted through the same surgical access to the bulla as for the recording electrode described above. The optical fiber was approximated to the round window membrane, but did not penetrate it, and was visually oriented toward the spiral ganglion cells in Rosenthal's canal in the upper basal turn [4] The fiber was fixed in place, approximately 0.5 mm from the spiral ganglion cells (as seen in Fig. 1) , and was not in direct contact with cochlear structures. The spot size at the basal turn of the spiral ganglion cells was calculated to be 310
; the optical fiber is immersed in cochlear fluid, which can be optically characterized as saline . Radiant exposures, as measured at the tip of the fiber, ranged from 1-100 . Optically evoked CAPs were recorded using the aforementioned silver electrode; responses to ten stimulus presentations were averaged for each measurement. The optical stimulation levels required to elicit a fixed amplitude CAP (50-CAP criterion) was determined at pulse durations of 35, 100, 300, 600 s, and 1 ms, at 1.855 . In another set of experiments, the wavelength was varied between 1.844- 1.873 and the CAPs were recorded, with a pulse duration of 35 . All experiments were conducted at a repetition rate of 2 Hz, with the exception of the extended stimulation experiment, which was conducted at 13 Hz. To document effects caused by longer periods of stimulation of the auditory nerve, optically evoked CAPs evoked by the laser change with different pulse durations. At the shortest pulse durations, the CAP is primarily composed of one negative peak (N1) and one positive peak (P1). As the pulse durations increase, there is a secondary peak that increases in amplitude. These CAPs were measured from the same animal. The amount of time between the onset of data acquisition and onset of CAP decreases as the pulse duration increases due to the data acquisition trigger from the laser.
CAPs were measured every 5 min for up to 6 h, in response to continual irradiation with 1.87 light, with a 35 pulse duration at 13 Hz, the maximum repetition rate for this laser.
III. RESULTS
Using an infrared diode laser, operating between 1.844-1.873
, we were able to elicit CAPs from neurons in the gerbil cochlea (Fig. 2) . A total of 18 animals were used for all experiments presented in this paper. We examined the shape of the CAP as a function of pulse duration of the stimulating laser pulse. At the laser's shortest pulse duration, 35 , the CAP is composed primarily of an initial large negative peak, N1, followed by a large positive peak, P1. At longer pulse durations, subsequent (smaller) peaks appeared, one of which increases in amplitude with increasing pulse duration.
Interestingly, the stimulation level required to evoke a 50-CAP is the smallest at the shortest pulse duration, ( ; ). For the other pulse durations, the stimulation thresholds were: 100 , ; 300 , ; 600 , ; 1 ms, [see Fig. 3(a) ]. In other words, the radiant exposure required to stimulate the spiral ganglion cells increases as the pulse duration gets longer. The input-output (I/O) curves indicate a relatively constant increase of evoked CAP with increasing radiant exposure [ Fig. 3(b) ]. These curves show a dynamic range of approximately 20-30 dB from stimulation onset to stimulation plateau. I/O curves for all pulse durations are similar in shape (data not shown).
We have also examined the CAP amplitude as a function of wavelength. Beginning with the longest wavelength of 1.873
(shortest penetration depth), we selected a radiant exposure that elicited a CAP just above threshold amplitude. [25] Keeping radiant exposure and position of the fiber constant, the wavelength was then decreased [increasing optical penetration depth (OPD)]. OPD is defined as the distance over which the incident light is reduced in magnitude by and is a function of the absorption coefficient of the tissue. See Table I for OPDs corresponding to each wavelength in Fig. 4 . With increasing penetration depth, the CAP amplitude increased substantially over a range of 300
. For further increases in penetration depth, there was only a slight increase in CAP amplitude (Fig. 4) . Recall from Fig. 1 , the length of the optical path through the spiral ganglion cell population in the upper basal portion of the cochlea is approximately 250 . To determine any effect of continual laser stimulation, the gerbil cochlea was stimulated at the maximum repetition rate of the laser, 13 Hz, for extended periods of time. The average CAP amplitude remained steady over the 6 h of continual laser stimulation (Fig. 5) . The variability that is seen towards the end of the experiment is similar to variability seen in continual acoustic stimulation experiments [3] .
IV. DISCUSSION
Looking at the stimulation level data as a function of pulse duration, there is a nonconstant amount of energy required to evoke a CAP of the same magnitude, as we vary the pulse duration. It has been suggested that optical stimulation of neural activity occurs via a thermal mechanism [5] . With all other parameters being equal (e.g., wavelength, tissue hydration), the amount of energy absorbed into the tissue governs the temperature increase subsequent to the light absorption. Our results then indicate that it is not the total energy and, therefore, total thermal rise, that governs optical stimulation in the gerbil cochlea. It could be the time over which this energy is deposited that governs optical stimulation. When the stimulation level data [ Fig. 3(a) ] are calculated in terms of peak optical power, we see another interesting trend of data (Fig. 6 ). In general, the peak power is constant across all pulse durations, except for 35 , in which it increases. This trend could indicate that the time over which the energy is deposited is more important for laser stimulation. However, it is also possible that the rise time of the optical pulse is significant in optical stimulation of the cochlea. At present, we are limited by the fixed pulse rise time of our current laser, but we will investigate this parameter in future experiments.
When examining the CAPs, it is clear that the CAPs evoked from laser pulses at 35, 100, and 300 are all primarily composed of N1/P1 peaks. However, at 600 and 1-ms pulse durations, there is a large secondary peak that is evident in the CAPs. The large secondary peak could account for the variability in the error estimates seen in the stimulation measurements at these pulse durations. The second maximum could be explained by a second action potential from some of the nerve fibers that contribute to the CAP. There's also the possibility that a different subpopulation of nerve fibers that do not contribute to the CAP are responsible for the second maximum. In depth studies of single auditory nerve fibers are underway and will help determine the sources contributing to the CAP.
Other data that were acquired during these experiments examined the influence of wavelength on the evoked response, at a pulse width of 35 . Starting at the shortest possible penetration depth and increasing, the CAP amplitude increased significantly for approximately 300 , then almost plateaued for the remaining increase in OPD (Fig. 4) . (OPD is defined as the distance over which the incident light is reduced in magnitude by and is a function of the absorption coefficient of the tissue.) The steady increase in CAP amplitude is most likely due to an increasing number of neurons in the optical path that receive suprathreshold irradiation as the penetration depth increases. Notice that the OPD distance over which the CAP increases, 300
, corresponds well with the approximate length of the optical path through the spiral ganglion cell population in the upper basal turn of the gerbil cochlea, . Further into the optical path from the spiral ganglion cells in the upper base, there is supporting tissue that is nonneural. Therefore, as the penetration depth is increased beyond the initial spiral ganglion cell population, there are no further neurons to receive suprathreshold irradiation, which likely contributes to the plateauing of the data. For use in human cochlear implants, it is possible that a different wavelength, corresponding to a longer OPD, will be better suited to stimulating the auditory neurons as the human cochlea is larger than that of a gerbil [26] . However, this parameter will ultimately be determined by the location for the optical implant array in the scala tympani.
The continual stimulation experiments conducted for 6 h at 13 Hz, the upper limit of this laser, indicate that we can evoke a very stable CAP. The CAP is a very sensitive marker for the physiological state of the cochlea, such as cochlear damage and changes in temperature [27] , [28] . Acoustic tones activate a segment of neurons along the length of the cochlea and the CAP thresholds reflect the synchronous activation of neurons in this small cochlear segment. In contrast to stimulating with acoustic stimuli, for optical radiation, neural stimulation occurs over the depth of the optical path and the corresponding evoked CAP amplitudes are governed by the number of cells that receive suprathreshold stimulus levels. In case optical irradiation damages the cells, the number of neurons that respond to optical radiation should decrease and consequently the peak-to-peak amplitude of the CAP. Variability in CAP amplitude towards the end of the experiments may be attributed to changes in cochlear function caused by the surgery, by inadvertent cooling of the cochlea, or by effects on the animal from anesthesia. The same type of effect was seen in the extended acoustic stimulation previously [3] .
In order to clinically implement an optical cochlear implant, certain design criteria must be met first. The most important objectives are 1) improved spatial selectivity of stimulation, 2) ability to optically stimulate at rates that mimic the native firing rates of the auditory system, and 3) safe optical stimulation for the aforementioned parameters. In terms of the spatial objective, mid-infrared light does not spread laterally upon incidence into tissue as does electric current. Only tissue that is directly in the optical path absorbs the light [29] , [30] . We have demonstrated selective optical stimulation of the auditory system in comparison to electric stimulation [4] .
Single auditory neurons have maximum firing rates of 300-400 Hz [31] , [32] . To adequately restore a sense of hearing, an optical cochlear implant will need to operate up to this stimulation rate without causing damage. To make a conservative estimate of the likelihood of heat accumulation following optical stimulation, we can use an equation for the tissue thermal relaxation time, , which describes the time-dependent heat transport out of the tissue by diffusion following laser irradiation (this term is independent of the incident laser energy) (1) where is the temperature conductivity, which has a value of in most tissues [33] , and is the wavelength-dependent absorption coefficient of the material. Based on the wavelengths used here, we would arrive at a thermal relaxation time of 0.5 s, which corresponds to 2 Hz. By these conservative calculations, 2 Hz would be the upper limit to the safe region in which we could stimulate without causing a build-up of heat and, therefore, tissue damage. However, we have shown that it is possible to optically stimulate the cochlea at much higher rate of stimulation with no apparent thermal effects. The ability to stimulate at high rates with no damage is likely due to the very low energies that we are using. The types of laser-tissue interactions for which the thermal relaxation equation is typically used are higher powered irradiation, for applications such as coagulation and ablation. It is also possible that the perfusion of the cochlea, which is not incorporated into the equation, increases the ability to dissipate thermal energy, thereby decreasing the time parameter above. We have recently acquired a pulsed diode laser that can operate up to 1-kHz repetition rate and experiments are underway to examine high rate optical stimulation of the auditory system. While we have measured a steady CAP in response to optical stimulation at 400 Hz over several hours, we are conducting further studies to validate these data using single fiber population studies, which will be the topic of a future manuscript. We will also explore the safety of an optical cochlear implant with chronic animal studies, in which the cochlea is optically stimulated over a period of months. Electrophysiology and histology data will reveal the safe parameters for optical stimulation in a cochlear implant.
To apply optical stimulation for use in other neuroprostheses, two general goals must be met: 1) improvement of optical stimulation versus electrical stimulation for the application; 2) safely optically stimulate to achieve desired function. Other likely candidates for optical stimulation in a sensory system include the dorsal root ganglia, which carries sensory information such as tactile, pain, and temperature sensations from the periphery to the central nervous system; and the retinal ganglion cells, which transmit the signals from the photoreceptors to the brain. Each of these applications would require unique design criteria, for instance the physical size of an implant, the method of delivering the light, and the as-yet unknown optical parameters required to evoke a response from the neurons. Introducing optical stimulation into a neuroprosthesis for the tactile sensory system could allow information feedback for individuals with motor prostheses. A retinal prosthesis incorporating optical stimulation could improve the resolution of vision that is restored to the blind individual. These are just a few of the many applications of optical stimulation of neural tissue.
V. CONCLUSION
We have investigated the effect of pulse duration, wavelength, and repetition rate on neural activity evoked from the gerbil auditory system. Results showed that pulse durations as short as 35 can evoke neural activity and that this response is stable for continual stimulation at a repetition rate of 13 Hz. The parameters, 35 pulse duration and 13-Hz repetition rate, are at the limits of the laser. It would be beneficial to determine the shortest pulse duration that will successfully evoke neural response, thereby leading to a smaller laser energy. Additionally, a laser that allows higher repetition rates of stimulation will enable a more thorough investigation of parameters that mimic the native firing patterns of the auditory system and electrical stimulation rates in cochlear implants.
